We present a new approach to a nanogenerator (NG) that is composed of integrated, paired nanobrushes made of pyramid-shaped metalcoated ZnO nanotip (NTP) arrays and hexagonal-prism-shaped ZnO nanowire (NW) arrays, which were synthesized using a chemical approach at <100°C on the two surfaces of a common substrate, respectively. The operation of the NGs relies on mechanical deflection/bending of the NWs, in which resonance of NWs is not required to activate the NG. This largely expands the application of the NGs from low frequency (approximately the hertz range) to a relatively high frequency (approximately the megahertz range) for effectively harvesting mechanical energies in our living environment. With one piece of such a structure stacked in close proximity over another to form a layer-by-layer matched brush architecture, direct current is generated by exciting the architecture using ultrasonic waves. A four-layer integrated NG is demonstrated to generate an output power density of 0.11 µW/cm 2 at 62 mV. The layer-by-layer assembly provides a feasible technology for building threedimensional NGs for applications where force or pressure variations are available, such as a shoe pad, an underskin layer for airplanes, and next to a vibration source such as a car engine or tire.
Building self-powered nanosystems is a future direction of nanotechnology. A nanosystem is an integration of nanodevices, functional components, and a power source. Energy harvesting from the environment for powering a nanosystem is vitally important for its independent, wireless, and sustainable operation. 1,2 A piezoelectric nanogenerator (NG) is a promising approach for this application. The NG is based on a vertically aligned ZnO nanowire (NW) array that is placed beneath a zigzag electrode with a small gap. 3 The NG relies on the piezoelectric potential created in a NW once subject to elastic straining, which drives the flow of charge carriers. 4 The zigzag electrode acts as an array of parallel integrated tips for simultaneously creating, collecting, and outputting electricity from all of the active NWs. In this design, the nonuniform heights and random distribution of the NWs on a substrate, however, may prevent a large fraction of NWs from contributing to the energy conversion process; the packaging technology is of critical importance to keep the gap distance between the zigzag electrode and the NW arrays just right so that it is large enough to allow the NWs to be freely bent/deflected but small enough to ensure an intimate contact between the NWs and the electrode. 5, 6 In this paper, we present a new approach to a NG that is composed of integrated, paired nanobrushes made of pyramidshaped metal-coated ZnO nanotip (NTP) arrays and hexagonalprism-shaped ZnO NW arrays, which were synthesized using a chemical approach at <100°C on the two surfaces of a common substrate, respectively. When one piece of such structure is stacked in close proximity over another to form a layer-by-layer matched brush architecture, direct current is generated by exciting the architecture using ultrasonic waves. A four-layer integrated NG is demonstrated to generate an output power density of 0.11 µW/cm 2 at a voltage of 62 mV.
The NGs were first fabricated by rationally growing ZnO arrays of controlled orientation and shape on a double-side polished Si wafer ( Figure S1a) . 7, 8 The wafer was coated with 100 nm thick Al 2 O 3 film on both sides by atomic layer deposition ( Figure S1b) , which served as an insulating layer to ensure independent operations of the NGs to be built in the adjacent layers. Then the wafer was deposited with a 20 nm thick Cr layer by direct current magnetron plasma sputtering on both the top and bottom surfaces except the side surface ( Figure S1c ). Following that, a 50 nm thick ZnO layer was deposited by radio frequency magnetron sputtering onto the Cr layers at the top and bottom surfaces except side surfaces ( Figure S1d ). The Cr layer served not only as an adhesion to bind the Al 2 O 3 layer and the ZnO layer together but also as a common electrode for collecting the charges to be transported through each and every active NW/NTP.
The aligned ZnO arrays were grown via chemical methods on both sides of the Si wafer with a slight modification to achieve rationally desired morphologies. The wafer was rinsed by 4°C 0.5 mmol/L Zn(CH 3 COO) 2 in ethanol solution on both sides 9 and then baked at 350°C for 15 min to form a layer of (0001) textured ZnO seeds, which leads to the growth of ZnO NWs and NTPs. The density of the ZnO seeds could be varied by using different concentrations of the Zn(CH 3 COO) 2 ethanol solution. The morphology the ZnO arrays could be manipulated by using different growth temperatures for different lengths of time. Generally speaking, at a low growth temperature and long growth time, NWs were formed (Figure 1b,g ), while at a relatively high growth temperature and short growth time, NTPs were grown ( Figure  1c,h ). 10 The morphology controlled growth of ZnO NW/NTP arrays on different sides of the Si wafer was achieved by floating the substrate on the nutrient solution surface, which is composed of 5 mM 1-to-1 ratio of Zn(NO 3 ) 2 and hexamethylenetetramine, during the growth so that we could apply different growth conditions (the nutrient solution was heated up to 100°C for 24 h for growing the pyramid-shaped NTPs or 70°C for 48 h for growing the hexagonal-prismshaped NWs) independently for either side. Finally, the side with NTPs was coated uniformly with 100 nm thick Au by magnetron plasma sputtering to form a metal tip array.
A NG was made by stacking together two pieces of the grown wafer structures, with the Au-coated NTPs partially interpenetrating into the NWs as illustrated in Figure 1e , and in the same way, a multilayered NG was integrated by stacking multiple layers of such structures layer-by-layer (Figure 1f) . The Au-coated NTPs acted like an array of AFM tips, slightly interpenetrating into the spacing between the NWs underneath, 6 just like two face-to-face brushes with a small degree of interdigitative overlap at the ends. Such a design neither has a strict requirement on the height uniformity of the NWs nor needs to maintain a specific gap distance between the layers, rendering it much easier to control the packaging of the layers. 3 Each layer was insulated from adjacent layers by the Al 2 O 3 thin film. After connection to output wires was made, the entire architecture was sealed and packaged by epoxy resin to prevent infiltration of any liquid. The short circuit current was measured by a lownoise current preamplifier (model SR570, Stanford Research Systems). The open circuit voltage was measured by a lownoise preamplifier (model SR560, Stanford Research Systems). In the current generating process, the positive electrode was the side with bare ZnO NW arrays and the negative electrode was the side with Au-coated ZnO NTP arrays.
Several effects could be involved in the energy generation process: triboelectric, pyroelectric, and piezoelectric. The contribution from triboelectric was ruled out by our direct in situ AFM observation of power generation from a single nanowire under optical imaging 11 and our measurements were carried out using nanowires of WO 3 , Si, and carbon nanotubes. 3 As for the pyroelectric effect, the temperature in the ultrasonic wave chamber (∼1 gallon) was fairly uniform and there was surely no significant temperature gradient across the nanogenerator that had a size of a few millimeters. Furthermore, the response of the nanogenerator to ultrasonic waves was instantaneous when it was turned on and off, as can be seen from the sharp data profile shown in Figure 3 . The possible voltage generated by temperature variation across the sample of 6 mm 2 as caused by ultrasonic wave, if any, was extremely small.
The energy conversion process can be understood from the change in local band structure induced by the piezoelectric potential, which is asymmetric across the NW with the stretched side positive and the compressed side negative. Since Au has a work function of 4.8 eV, which is larger than the electron affinity of ZnO (4.5 eV), a Schottky contact (barrier height of Φ SB ) at the interface is formed (Figure 2a) . The Schottky barrier exists as soon as the NTP is in contact with the NW. When a NTP slowly pushes a NW, a strain field is created across the NW width, with its outer surface in tensile and its inner surface in compressive strain. This asymmetric strain produces an asymmetric piezoelectric potential across its width, with V -(negative) at the compressive surface and V + (positive) at the stretched surface. 3, 12 It is important to note that the piezoelectric potential is created by the ions in the crystal when the NW is subject to mechanical deformation, which cannot move freely; they may be partially screened by free carriers in the NW but cannot be completely neutralized or depleted. 13 This means that the piezoelectric potential still preserves even with consideration of the existence of moderate free charge carriers in ZnO NW. When a NTP is in contact with the stretched surface of the NW, which has a higher local potential than the NTP, a reversely biased Schottky barrier (Φ SB ) blocks the flow of electrons through the interface (Figure 2b ). Because the piezopotential is built up very fast inside the NW 13 as the NTP is pushing the NW, at every moment during the pushing process, the whole system is in an equilibrium state. In other words, if we take a snapshot of every moment of the process, for example Figure 2b , the system is in equilibrium. This is because the flow speed of charges is a lot faster than the scanning speed of the tip. As the degree of NW bending increases, its compressive side may reach the surface of an adjacent NTP; thus, the local piezoelectric potential V -(negative) in the NW results in a local shape modification of the conduction band of the NW near the NTP ( Figure  2c ). The piezoelectric potential extends through almost the entire length of the NW according to theoretical calculation, 12 and its most important modification to the band shape is at near the Schottky contact region because of the high-raise of the local band. If the raise in local potential energy is large enough as determined by the degree of NW bending, 12 the accumulated local n-type carriers in the NW can quickly flow through the contact into the NTP, which creates a circular flow of the electrons in the external circuit, e.g., the output current. In terms of a single pair of NTP and NW, this process is transient. But if we focus on the statistical contributions from thousands of NTP/NW pairs, this process is in a steady state, with a stable and continuous current output. The role played by the Schottky barrier is to prevent the flow of electrons from the NTP into the NW, which is a key structure for preserving the piezoelectric potential and releasing the free electrons from the NW into the NTP. A working NG is required to have such a diode effect, and it was first measured for each and every NG to determine its correct polarity (Figures S2 and S3 ). The role played by the piezoelectric potential is to drive the electrons from the ZnO NW to overcome the threshold energy at the Au-ZnO interface and flow into the Au NTP. The piezoelectric potential does not directly determine the magnitude of the output voltage.
For the ultrasonic wave driven nanogenerator, there were thousands to millions of NWs that contribute to the electric output in a random phase. Although each NW is considered to be in an unequilibrium/trasient state, the statistical average of thousands of them can be considered as in a steady state with a stable and continuous output, which is similar to the process in solar cells, in which a single photon can only crease one or a few electrons that can form an electric pulse, but a continuous current can be formed if thousands of photons strike the cell in random phase. This concept is applied to understanding the output voltage of the NG. As shown in Figure 2c , as more electrons are pumped into the Au NTP, the local Fermi surface is raised by the accumulated electrons with considering the statistical contribution from all of the NWs, as discussed above. Therefore, the theoretical output voltage is dictated by the difference between the Fermi energies of the Au NTP on the top and the ZnO NW at the bottom, as illustrate by V NG in Figure 2c . In practice, one has to consider the contact resistance, system capacitance, and possible current leakage, all of which would lower the voltage output to be measured. 14 As the NGs were subjected to ultrasonic wave excitation in a water bath, the ultrasonic wave would cause a vertical or lateral vibration of the Si wafers and/or vibration of the ZnO NWs, resulting in a relative bending/deflection of the NWs as enforced by the Au-coated NTPs (Figure 2e ). The degree of bending/deflection depends on the intensity of ultrasonic wave. So the variation of ultrasonic wave will cause the change of the output signals, which has been studied by our group and will be published elsewhere. The NTPs were significantly thicker and stiffer than the NWs (Figure 1g,h) . Regardless the NWs being deflected to left or right, the currents generated by all of them add up constructively as determined by the Schottky barrier and the uniaxial growth of the NWs (Figures 2e,f) , 15, 16 although the output voltage is determined by the performance of individual NWs. 3 A constant and steady direct output current is observed as long as the ultrasonic wave is on.
The layer-by-layer integrated NGs show enhanced output current and voltage. By connection of two individual layers of NG in parallel, e.g., connecting electrodes 1 with 3 and electrodes 2 with 4 in Figure 1e , the output current was a sum of the two NGs. As shown in Figure 3a , a single layer of NG L1 gave ∼13 nA of short circuit output current, and the other layer of NG L2 gave ∼10 nA under the same conditions. After the layers were connected in parallel, the output current increased to an average of 22 nA (Figure 3a , red curve). The working principles could be further verified by reversely connecting those two layers of NGs in antiparallel in reference to the polarities of their Schottky barriers ( Figure S2a,b) , 17 e.g., connecting electrodes 1 with 4 and electrodes 2 with 3 in Figure 1e . The total output current was just 3 nA (Figure 3a, purple curve) , which was the difference of their individual output currents. 18 As shown in Figure 3a , the output signal for the L1 + L2 case is a lot more "unstable" than that for the L1 -L2 case. This is due to the fact that the L1 + L2 case double amplifies the instability introduced by the intensity and frequency of the ultrasonic wave source, while the L1 -L2 case impairs the instability.
In a similar way, with two layers of NGs connected in serial, e.g., connecting electrodes 2 with 3 in Figure 1e , the output voltage was the sum of the output voltages from the two individual layers. As presented in Figure 3b , L1 gave an output voltage of approximate 2.6 mV, while L2 gave about 0.8 mV. When those two layers of NG were connected in serial and tested under the same condition, the output voltage was around 3.5 mV on average (Figure 3b , red curve), which was the sum of their individual outputs. Furthermore, if we put the two layers in antiserial, e.g., connecting electrodes 2 with 4 in Figure 1e , the output voltage was just 1.5 mV (Figure 3b , purple curve), which was the difference of their individual output voltages.
Integration of multilayers of NG has great potential for raising the output voltage. Once the output voltage is high enough to operate an electronic device, such as a diode, the outputting electric energy from the NGs can be stored for future use. To demonstrate the technological feasibility of the approach, we have connected several NGs in serial. As shown in Figure 4a , four individual layers of NGs, L3, L4, L5, and L6 with 11, 14, 16, and 20 mV open circuit output voltages, respectively, were connected in serial. The resultant total output voltage was ∼62 mV as expected. The corresponding short circuit output current was around 105 nA ( Figure 4b ). The I-V curves of NGs L3, L4, L5, and L6 are presented in Figure S3 . Each of them shows typical Schottky characteristics. It appears that the ultrasonic wave of 41 kHz can penetrate rather deep so that the damping effect is not a major problem. The maximum power output of the fourlayer integrated NG is 6.5 nW for a surface area of 6 mm 2 . A power density of 0.11 µW/cm 2 was achieved.
The electrical signals measured using the preamplifier system were also examined by an oscilloscope (Tektronix TDS 3014B) to reveal the high-frequency output signal.
Oscilloscope is mainly used to detect periodically oscillating signals. The bandwidth for the oscilloscope in our experiment was 100 MHz. When the ultrasonic wave was turned on, the output signals from our NG as measured by the oscilloscope and the preamplifier system are shown in parts a and b of Figure S4 , respectively. The output of the oscilloscope has a steady shift to ∼11.5 mV after turning on the ultrasonic wave, although the noise is rather large. This value matches well to the 10.8 mV output measured with the electrical measurement system used in our data acquisition.
In summary, we have demonstrated an innovative approach for fabricating three-dimensionally integrated multilayer NGs for raising the output current, voltage, and power. Aligned ZnO NWs and NTPs were rationally designed to grow on two surfaces of a silicon wafer, respectively. When the surface of NTP arrays was coated with Au, a layer-by-layer stacking of the as-fabricated Si wafers formed an integrated architecture that demonstrated a linear superposition of current and voltage for parallel and serial connection, respectively. This approach has several unique advantages. First, the rational growth of the NWs and NTPs is through wet chemical synthesis at low temperature (<100°C), which is compatible with other materials and technologies, such as flexible and foldable substrate made of soft materials and silicon-based technologies. Second, the NWs and NTPs do not have to be patterned on substrates in order to raise the output current/voltage, which greatly simplifies the fabrica- tion process and cost. Third, this design does not demand that all of the NWs and NTPs have a very uniform height and/or shape, greatly reducing the complexity for sample growth. Fourth, the gold coating layer can be replaced by other low-cost metals as long as it can form a Schottky contact with ZnO. The entire fabrication process shows a great potential for scaling up. Fifth, the operation of the NGs relies on mechanical deflection/bending of the NWs, in which resonance of NWs is not required to activate the NG. This largely expands the application of the NGs from low frequency (approximately the hertz range) to a relatively high frequency (approximately the megahertz range) for effectively harvesting mechanical energies in our living environment. Finally, the layer-by-layer assembly provides a feasible technology for building multilayered NGs for applications where force or pressure variation are available, such as a shoe pad, underskin layer for airplanes, and next to a vibration source such as a car engine or tire.
